Focal adhesions (FAs) are complex intracellular linkages between integrins and the F-actin cytoskeleton that both transmit and respond to mechanical forces. FAs show complex mechanosensitivity such that they form or enlarge when force increases, and shrink or disassemble when force decreases[@R3]. However, mechanical forces can also induce FA disassembly, including sliding, a form of controlled disassembly[@R4]. In the absence of a method to measure forces across proteins in cells, these distinct processes have been difficult to elucidate and are poorly understood.

Vinculin is an intracellular FA protein comprised of a head domain (Vh) and a tail domain (Vt) separated by a flexible linker[@R5]. Binding of Vh to talin recruits vinculin to FAs, whereas Vt binds to F-actin and paxillin[@R6]. Interestingly, vinculin seems intimately linked to FA mechanosensitivity. Its recruitment to FAs is regulated by externally-or internally-generated mechanical forces[@R7],[@R8]; vinculin-deficient cells display impaired cell spreading and cell migration, are less stiff than normal cells and exert lower traction forces[@R9]--[@R11]. Furthermore, vinculin seems to be a key element in the molecular "clutch" that links the actin cytoskeleton and extracellular matrix[@R12] and co-localizes with areas of high force during leading edge protrusion[@R13]. These and other data have led to the concept of adhesion strengthening, in which adhesions under force recruit additional vinculin and enlarge to keep force per area constant[@R14],[@R15]. However, where and when forces across vinculin occur on the sub-cellular level is unknown. Indeed, direct evidence that vinculin bears mechanical force is absent. Estimates from traction force microscopy suggest that tension across molecules in FAs is in the pN range[@R14],[@R16], a factor of 10--50 below the resolution of existing methods to measure forces across proteins within cells[@R17]. We therefore developed a genetically encoded vinculin tension sensor with single pN sensitivity for use in living cells.

We designed a tension sensor module (TSMod) in which a 40 amino acid (aa)-long elastic domain was inserted between two fluorophores (mTFP1 and venusA206K) that undergo efficient fluorescence-resonance energy transfer (FRET) ([Fig.1a](#F1){ref-type="fig"})[@R18]. The elastic domain was derived from the spider silk protein flagelliform, which is composed of repetitive aa motifs that form entropic nano-springs suitable for measuring pN forces[@R19]. Since FRET is highly sensitive to the distance between the fluorophores, it should decrease under tension ([Fig.1b](#F1){ref-type="fig"}). The vinculin tension sensor contains the sensor module between the Vh and Vt domain of vinculin after aa 883 (VinTS, [Fig.1c](#F1){ref-type="fig"}). Controls include a C-terminally tagged vinculin-venus (VinV, [Fig.1d](#F1){ref-type="fig"}) and a tail-less mutant, which cannot bind F-actin or paxillin (VinTL, [Fig.1e](#F1){ref-type="fig"}). Thus, tension cannot be applied to the VinTL construct.

In transiently transfected vinculin^−/−^ cells, VinTS was properly recruited to FAs. FA shape and size, and F-actin organization were indistinguishable from cells expressing VinV ([Fig.1f](#F1){ref-type="fig"} and [Supplementary Fig.1a, b, e](#SD2){ref-type="supplementary-material"}). Cells expressing VinTL displayed significantly enlarged FAs, consistent with previous studies[@R20] ([Supplementary Fig.1c, e](#SD2){ref-type="supplementary-material"}). TSMod localized to the cytoplasm and the nucleus ([Supplementary Fig.1d](#SD2){ref-type="supplementary-material"}). All constructs produced stable proteins with the expected molecular size ([Supplementary Fig. 2a](#SD2){ref-type="supplementary-material"}). Expression of VinTS in vinculin^−/−^ cells was comparable to the level of endogenous vinculin in murine embryonic fibroblasts (MEFs) or bovine aortic endothelial cells (BAECs) ([Supplementary Fig.2b](#SD2){ref-type="supplementary-material"}).

Next, we probed the activation state of VinTS. In solution, binding of Vh to Vt induces a closed, auto-inhibited conformation that does not bind F-actin. However, F-actin and the bacterial protein IpaA bind cooperatively to vinculin to induce its activation[@R21]. High speed centrifugation of hypotonic cell lysates from cells expressing VinTS or VinV to sediment F-actin, co-sedimented only a small amount of either vinculin construct even when actin was supplemented. Addition of IpaA alone modestly increased sedimentation, presumably due to vinculin binding to endogenous actin in cell lysates. IpaA and actin together induced nearly complete sedimentation of both vinculin constructs ([Supplementary Fig.2c](#SD2){ref-type="supplementary-material"}). Furthermore, fluorescence recovery after photobleaching (FRAP) in live cells showed that recovery rates in FAs were similar between VinTS and VinV, indicating normal vinculin dynamics[@R22] ([Fig.1g](#F1){ref-type="fig"}). Thus, insertion of TSMod does not significantly affect vinculin's localization to FAs, its activation state, actin binding, or intracellular dynamics.

We next tested for two potential confounding factors, inter-molecular FRET and effects of vinculin conformation on FRET (FRET metrics are explained in [Supplementary Note II](#SD2){ref-type="supplementary-material"}). When cells were transfected with both vinculin-mTFP1 and vinculin-venus (fluorophore insertion after aa883), the FRET index in FAs was very low compared to cells expressing VinTS, indicating that inter-molecular FRET is negligible ([Supplementary Fig.3a--c](#SD2){ref-type="supplementary-material"}). To examine effects of conformational changes during vinculin activation, we used IpaA and actin to activate vinculin. As a positive control, we generated a mTFP1-venusA206K version of a previously described vinculin conformation FRET probe[@R21] (VinCS, [Supplementary Fig.3d](#SD2){ref-type="supplementary-material"}). Spectrofluorimetric analysis of hypotonic cell lysates containing these constructs showed that, as expected, adding neither actin nor IpaA alone affected FRET efficiency of VinCS, whereas IpaA plus actin decreased FRET efficiency. In contrast, VinTS showed no change in FRET efficiency under identical conditions ([Supplementary Fig.3e](#SD2){ref-type="supplementary-material"}). Thus, vinculin's conformational changes do not affect FRET measurements of VinTS.

To evaluate responses to cellular forces, vinculin^−/−^ cells expressing VinTS or VinTL were seeded on fibronectin (FN)-or poly-L-Lysine (pL)-coated coverslips. Cells on FN rapidly spread and formed FAs, whereas cells on pL remained round, with the constructs diffusely distributed in the cytoplasm. FRET was high for both constructs on pL ([Fig.2a](#F2){ref-type="fig"}). Spectrofluorimetry of hypotonic cell lysates, another zero force state, also showed no difference between VinTS, VinTL and TSMod in solution ([Fig.2b](#F2){ref-type="fig"}). In contrast, VinTS but not VinTL displayed reduced FRET index in FAs on FN, indicating increased mechanical tension ([Fig.2a](#F2){ref-type="fig"}). These results were confirmed by fluorescence lifetime microscopy (FLIM)[@R23]. In adherent cells, VinTS displayed significantly longer lifetimes (corresponding to lower FRET efficiency, see [Supplementary Note II](#SD2){ref-type="supplementary-material"}). Lifetimes were also distributed over a much wider range than VinTL, indicating that individual molecules are subject to a range of forces ([Fig.2c, d](#F2){ref-type="fig"}).

To calibrate the tension sensor, we used single molecule fluorescence-force spectroscopy, which combines confocal scanning fluorescence microscopy with optical tweezers[@R2]. Because fluorescent proteins' low photostability precludes single molecule FRET measurements, we generated a version of TSMod using the organic fluorophores Cy3 and Cy5 (TSModCy, [Supplementary Fig.4a](#SD2){ref-type="supplementary-material"}). The flagelliform linker (F40) was connected to a polymer-coated glass surface via 18 bp double-stranded (ds) DNA and to a microsphere held in tweezers through \~50 kbp dsDNA. DNA tethers presented the fluorophores in close proximity to terminal cysteine residues of F40, allowing estimation of the linker end-to-end distance as a function of force from FRET measurements ([Supplementary Fig.4a](#SD2){ref-type="supplementary-material"}). FRET efficiency changes over multiple force cycles showed that TSModCy reached conformational equilibrium rapidly and displayed no hysteresis, indicating reversibility ([Fig.2e--g](#F2){ref-type="fig"}). The zero force FRET efficiency of \~50 % determined separately ([Fig.2h](#F2){ref-type="fig"}) matched the FRET value at the lowest force analyzed (0.25 pN, [Fig.2i](#F2){ref-type="fig"}) indicating no adverse effects due to linkers or the optical tweezer. Together, these experiments showed that TSModCy is most sensitive at 1--6 pN ([Fig.2i](#F2){ref-type="fig"}).

These measurements were used to estimate the force sensitivity of TSMod ([Supplementary Fig.4b and Supplementary Note III](#SD2){ref-type="supplementary-material"}) and to calculate forces across vinculin in living cells using FLIM microscopy data. This analysis showed that the average force in stationary FAs is \~2.5 pN ([Supplementary Fig.4c--e](#SD2){ref-type="supplementary-material"}). The assumptions underlying this analysis and the inherent limitations are discussed in [Supplementary Note III](#SD2){ref-type="supplementary-material"}.

Vinculin recruitment to FAs is force-dependent[@R7],[@R8]. To test whether recruitment correlates with force transmission across vinculin, we treated cells with a ROCK inhibitor (Y-27632) to reduce myosin-dependent contractility. Alternatively, we depleted myosin IIa (MIIa) by RNA interference ([Supplementary Fig.5](#SD2){ref-type="supplementary-material"}). Both treatments reduced FA size and traction forces were moderately reduced, as expected[@R24] (data not shown and [Fig.3a](#F3){ref-type="fig"}), but vinculin was still localized in FAs ([Supplementary Fig.5c](#SD2){ref-type="supplementary-material"} and data not shown). Interestingly, FRET index of VinTS increased to the level of VinTL, indicating a drastic loss of tension across vinculin ([Fig.3b](#F3){ref-type="fig"}). By contrast, the vinculin conformation sensor ([Supplementary Fig.3d](#SD2){ref-type="supplementary-material"}) showed only a slight increase in FRET index after treating cells withY-27632, indicating that most of vinculin remained in an open conformation ([Fig.3c](#F3){ref-type="fig"}). These data demonstrate that vinculin activation and recruitment to FAs are separable from transmission of force across vinculin.

We next examined mechanical forces across vinculin during cell migration. To ensure sufficient statistical power for the subcellular analysis, individual FAs were isolated and averaged ([Supplementary Fig.6 and Supplementary Note II](#SD2){ref-type="supplementary-material"}). In BAECs, vinculin within small FAs near protruding edges and occasionally in the centre of moving cells showed low FRET index indicating high tension, whereas large retracting FAs showed high FRET index indicating lower force per vinculin ([Fig.3d, f](#F3){ref-type="fig"} and [Supplementary Mov.1](#SD1){ref-type="supplementary-material"}). The VinTL control displayed uniformly high FRET index at all locations ([Fig.3e, g](#F3){ref-type="fig"} and [Supplementary Mov.2](#SD1){ref-type="supplementary-material"}; data normalization explained in [Supplemental Note II](#SD2){ref-type="supplementary-material"}).

To examine this in more detail, we generated custom software to isolate and track FAs and correlate their dynamics with FRET ([Supplementary Note II](#SD2){ref-type="supplementary-material"}). Analysis of spreading or migrating vinculin^−/−^ cells expressing VinTS revealed that force on vinculin was very high in small FAs that first appeared at cell edges, but decreased toward average levels as they enlarged ([Fig.4a](#F4){ref-type="fig"} and [Supplementary Fig.7](#SD2){ref-type="supplementary-material"}). Conversely, as FAs disassembled, forces across vinculin remained low and even slightly decreased ([Fig. 4b](#F4){ref-type="fig"} and [Supplementary Fig.7](#SD2){ref-type="supplementary-material"}). These effects were not observed with VinTL ([Supplementary Fig.8](#SD2){ref-type="supplementary-material"}). Previous studies showed that FA sliding or disassembly at retracting edges is associated with high local Rho-[@R25] and myosin-activation and is myosin-dependent[@R26], suggesting that the adhesions in retracting regions are under force. The low force on vinculin is therefore surprising but consistent with predictions based on intracellular force reconstructions from actin speckle analyses[@R13]. These data confirm that vinculin recruitment and force bearing are separable, and they suggest that failure of vinculin to bear force is linked to disassembly.

We therefore tested whether vinculin is required for FA stabilization under force. Under normal culture conditions, vinculin^−/−^ cells or cells expressing vinculin-flag displayed similar FA dynamics, visualized by EGFP-paxillin ([Fig.4c](#F4){ref-type="fig"}). However, co-expressing either myosin IIa or active RhoA stabilized FAs in cells that contained vinculin but not in vinculin-deficient cells ([Fig.4d, e](#F4){ref-type="fig"} and [Supplementary Fig.9](#SD2){ref-type="supplementary-material"}). In vinculin^−/−^ cells, increased contractility often led to entire sides of the cell retracting, followed by formation of new protrusions. Indeed, FA behaviour at the periphery of vinculin^−/−^ cells strikingly resembled the trailing edge of migrating cells where force across vinculin was low ([Supplementary Fig.9](#SD2){ref-type="supplementary-material"} and [Supplementary Mov.3--8](#SD1){ref-type="supplementary-material"}). Thus, vinculin is required for FA stabilization under tension.

Taken together, these data reveal an unexpected regulatory mechanism in which the ability of vinculin to bear force determines whether adhesions assemble or disassemble under tension. Although creating new biosensors is always challenging ([Supplementary Note III](#SD2){ref-type="supplementary-material"}), this genetically encoded tension sensor with pN sensitivity should be applicable to other molecules involved in force transmission and mechanotransduction.

Methods Summary {#S1}
===============

Generation and characterization of expression constructs {#S2}
--------------------------------------------------------

For detailed information on the generation of cDNA constructs see [Supplementary Note I](#SD2){ref-type="supplementary-material"}. Immunostaining and Western blotting was performed using standard protocols. Expression and purification of GST-IpaA, and the vinculin-sedimentation assay were described elsewhere[@R21].

FRET analysis {#S3}
-------------

Calculations were performed with custom-written programs in IDL (ITT Visual Information Systems). The pFRET algorithm was implemented for non-linear bleed-through corrections[@R27]. FRET index is the corrected FRET divided by acceptor intensity. FAs were identified in the venusA206K channel using the water algorithm[@R28], and utilized as masks for local averaging. For more detailed information see [Supplementary Note II](#SD2){ref-type="supplementary-material"}.

FRAP and FA dynamics analysis {#S4}
-----------------------------

For FRAP analysis, bleached and control FAs were identified by the water algorithm and polygons were automatically moved for slowly moving FAs. Recovery curves were analyzed as described[@R22]. FA dynamics were analyzed in vinculin^−/−^ cells expressing EGFP-paxillin. FA decay curves were generated as described[@R29] except that individual FA curves were generated, normalized, and averaged. Particle tracking was performed as previously described[@R30] with particle centres determined by the water algorithm. Trajectory accuracy and selection of dynamic FAs were determined manually ([Supplementary Note II](#SD2){ref-type="supplementary-material"}).

FLIM analysis {#S5}
-------------

Time-domain FLIM experiments and FLIM data analysis were performed as described previously[@R23] using TRI2 software (developed by Paul Barber, Gray Cancer Institute, UK). Fluorescence lifetime was determined by fitting a single-exponential decay model, as mTFP1 modification was uniform within a pixel. With 890 nm excitation, acquisition times up to 150 seconds achieved sufficient photon statistics.

*In vitro* force calibration {#S6}
----------------------------

The 40 aa flagelliform peptide (GPGGA)~8~ was crosslinked to maleimide-functionalized DNA. The peptide/DNA conjugate was labelled with organic fluorophores for fluorescence-force spectroscopy to determine the force per end-to-end distance of the peptide. For more detailed information see [Online Methods](#SD3){ref-type="supplementary-material"} and [Supplementary Note III](#SD2){ref-type="supplementary-material"}.
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![Vinculin tension sensor (VinTS) construct\
(a) The tension sensor module (TSMod) consists of two fluorophores separated by a flagelliform linker sequence (GPGGA)~8~. (b) When force across TSMod extends the elastic linker, FRET efficiency decreases (f: force). (c) The vinculin tension sensor (VinTS) consists of TSMod inserted after aa 883 of vinculin. (d) Vinculin-venus control (VinV). (e) Vinculin tail-less control (VinTL). (f) Localization of VinTS and VinV in vinculin^−/−^ cells. Scale bar: 20µm. (g) Normalized average fluorescence recovery rates of VinTS (open circles, n=10) and VinV (closed circles, n=8). Error bars represent standard error of the mean (s.e.m.). (Recovery half-time VinTS: 87.6s +/− 6.6s, VinV: 68.3s +/− 13.1s, mean ± s.e.m., p=0.205).](nihms209642f1){#F1}

![Responses to mechanical force\
(a) FRET index in vinculin^−/−^ cells expressing VinTS or VinTL seeded on poly-L-Lysine (pL) or fibronectin (FN) (\*: p\<0.05, Tukey-b test, n=11--18) (b) FRET measured by spectrofluorimetry of lysates containing VinTS, VinTL or TSMod (n=4, p\>0.5, Tukey-b test) (c) Fluorescence lifetime images of vinculin^−/−^ cells expressing VinTS or VinTL. Scale bar: 2µm. (d) Fluorescence lifetime histograms from FAs of VinTS (n=11) or VinTL (n=8) expressing vinculin^−/−^ cells. (e--g) Multiple stretch/relax cycles of a single TSModCy using fluorescence-force spectroscopy. (e) Fluorescence intensity time traces for donor (green) and acceptor (red). (f) Applied force vs. time. (g) FRET efficiency vs. time. (h) Single molecule FRET histogram of TSModCy at zero force. The peak marked by a red Gaussian fit represents the TSModCy labelled with both donor and acceptor. (i) Averaged FRET-force curves from n=7 molecules reveal reversible stretching and relaxing of TSModCy between 0.25 and 19 pN. All error bars represent s.e.m.](nihms209642f2){#F2}

![Forces across vinculin during cell migration\
(a) Traction forces of VinTS expressing cells (con, n=18), treated with Y-27632 (Inh, n=15) or depleted of myosin IIa (IIa, n=20) (\*: p\<0.005, \#: p\<0.05, Dunnet's test). (b) FRET index of VinTL, VinTS, IIa and Inh (n=30, \*: p\<0.005, Tukey-b Test). (c) Cells expressing VinCS on pL, FN, or FN treated with Y-27632 (Inh) (n=30, \*: p\<5×10^−6^, Tukey-b test). (d) FRET index of VinTS in BAECs. Protruding areas (P), retracting areas (R). (e) FRET index of VinTL in BAECs. (f, g) FRET index of protruding (P) and retracting (R) areas normalized by FRET index of interior FAs. (f) VinTS (n=4, \*: p\<0.01). (g) VinTL (n=4, p\>0.5). Scale bar: 20µm. All error bars represent s.e.m.](nihms209642f3){#F3}

![Tension on vinculin in dynamic FAs\
FAs were isolated, tracked and classified as assembling or disassembling. (a) In assembling FAs (n=78), FRET index (open circles) increases with normalized FA size index (defined in [Supplemental Note II](#SD2){ref-type="supplementary-material"}, closed circles). (b) In disassembling FAs (n=92), FRET index is high and further increases at late stages. (c) Lifetime of FAs visualized with EGFP-paxillin in vinculin^−/−^ cells (n=4 cells, 214 FAs) or cells re-expressing vinculin-flag (n=4 cells, 310 FAs). Difference at 870s was not significant (p=0.24). (d) FA lifetime in vinculin^−/−^ cells (n=7 cells, 408 FAs) and vinculin-flag cells (n=7 cells, 715 FAs) expressing MIIa (difference at 870s: p\<0.005). (e) Vinculin^−/−^ cells (n=3 cells, 250 FAs) or vinculin-flag cells (n=3 cells, 192 FAs) expressing RhoA-V14 (difference at 870s: p\< 0.05). All error bars represent s.e.m.](nihms209642f4){#F4}
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